The p -and s-polarized components of light can be suppressed on reflection at the same angle of incidence from an absorbing substrate coated by a transparent thin film if the wave is refracted in the film at 450 and the constraint Re[(E 2 -a)/(l -a)]1/2 = a + IE2 -al is satisfied, where 2a and E2 are the ratios of dielectric constants of the film and substrate, respectively, to that of the ambient. For high-reflectance metal substrates (|JE >> 1), a 1, the ratio of film to ambient refractive index approaches -\/2, and the unextinguished reflectances approach 1. The least film thicknesses required to suppress the p and s polarizations are in the ratio 2:1. The analysis is applied to Si and Al substrates in the near UV-visible-near-IR spectral range. It is found that the film refractive index and thickness should be controlled to within +0.01 and ±5 A, respectively, for an Al substrate at 550 nm. Significant applications are proposed that include parallel-mirror crossed polarizers, a novel polarimeter that integrates the polarization-analysis and photodetection functions, high-reflectance crossed thin-film reflection polarizers integrated on the same substrate, and division-of-wavefront polarizing beam splitters.
INTRODUCTION
In this paper we determine the conditions that are required for the extinction of the parallel (p) and perpendicular (s) polarized components of a plane wave of light (or any other electromagnetic radiation) on reflection at the same angle of incidence from an absorbing substrate coated by a transparent thin film. For given substrate and ambient media, suppression of both polarizations at a common angle of incidence occurs for a certain ratio of film to ambient refractive index that approaches -\X-for high-reflectance metallic substrates. We find that the least film thickness required to suppress the p polarization is exactly double that required for suppression of the s polarization. The associated unextinguished reflectances are also determined and found to be high when the substrate reflectance is high.
The analysis is applied to Si and Al substrates over a range of wavelengths from the near UV to the near IR, and the effects of errors of film refractive index, thickness, and incidence angle are considered. Several interesting and important applications are proposed. They include new devices (integrated crossed thinfilm reflection polarizers, division-of-wavefront polarizing beam splitter and half-shade device, parallel-mirror crossed polarizers), a novel polarimeter that integrates the polarization analysis and photodetection functions, and optimum conditions for film-thickness metrology using reflection interferometry and ellipsometry.
CONDITIONS FOR EQUAL p AND s POLARIZING ANGLES
In Fig. 1 , a plane wave of monochromatic light traveling in a transparent medium of refractive index No is incident at an angle a on an absorbing substrate of complex refractive index N 2 coated by a transparent thin film of refractive index N1.
The film has a uniform thickness d = dp over one area of the substrate and a different uniform thickness d = d, over the remaining area. The media of incidence, film, and substrate, denoted by 0, 1, and 2, respectively, are assumed to be linear, homogeneous, isotropic, and nonmagnetic and are separated by parallel-plane interfaces.
For given media in contact with the film, i.e., for given No and N 2 , we seek the conditions required to suppress the ppolarized component of the wave reflected from the film of thickness dp and the s-polarized component of the wave reflected from the film of thickness d, at the same angle of incidence = op,,.
The complex-amplitude reflection coefficient of the filmsubstrate system is' (1) where rol, and r12, are Fresnel's reflection coefficients of the 01 and 12 interfaces for the v (= p or s) polarization, and The Fresnel reflection coefficients of the film-ambient (10) a and film-substrate (12) interfaces for the s polarization at 450 incidence are given by 
S2 is complex; S is real, and so is So when No > Nl/-\. Because rol, = -rloz Eq. (6a) is satisfied if WZi00
Substitution of Eqs. (9) Re() = a +162 -al. (14) Equation (14) is an important result of this paper. It represents the constraint on the optical properties of the system of Fig. 1 such that suppression of both the p and s polarizations is possible at the same incidence angle. The normalized dielectric constants e 2 (complex) and 2a = el (real) are ratios of the dielectric constants of the substrate and film, respectively, to that of the ambient, as is indicated by Eqs. (13) . Equation (14) is a transcendental equation that can be solved for a for any given complex E 2 . The normalized film refractive index n, is related to a by Eq. (13b):
where bij, = arg (rij,) is the reflection phase shift at the ij interface for the v polarization. Under the condition of 45° refraction, Eqs. (7) and (8) evaluated at the common p and s polarizing angle of incidence (kp,, gives dp = 2d,.
Constant-a contours in the complex E 2 plane are plotted in Figs 
which is identical to the result we previously obtained 5 for this special case of a transparent film on a transparent substrate.
Once a is obtained by solving Eq. (14) for a given E 2 , the common polarizing angle of incidence for the p and s polarizations is determined by the condition of light refraction in the film at 450 and Snell's law:
REQUIRED FILM THICKNESSES
The required normalized film thicknesses 6 for suppression of the p and s polarizations are obtained from Eqs. (2) and (5):
As = (6125 -
Thus we reach the interesting conclusion that the film thickness required to suppress the p polarization is exactly double that required to suppress the s polarization at the common polarizing angle op,5, independent of the optical constants of the system.
UNEXTINGUISHED REFLECTANCES
The unextinguished (nonzero) complex-amplitude reflection coefficients for the s and p polarizations and their ratio are obtained from Eqs. (1), (5), (7), and (8) as
Rp= -rols (rols + rl2s)/(l + rOls 
where the -and + correspond to external (a > 0.5) and internal (a < 0.5) reflection at the 01 interface, respectively. Substitution of Eqs. (26) into Eqs. (23) and (24) gives (27) (28)
when a > 0.5, and 
from Eqs. (9b), (10) , and (13) . Of interest also are the intensity (power) reflectances:
For the special case of a transparent substrate, we have 6 = r when a > 0.5, and w = 0 when a < 0.5. If 6 = r is substituted into Eqs. (27) and (28) Equations (33) and (34) reproduce exactly what we obtained before for this special use. 5 
EXAMPLES OF SEMICONDUCTOR AND METALLIC SUBSTRATES
The analysis of Sections 2-4 is applied to Si and Al as representative examples of semiconductor and metallic substrates. We take the optical constants of Si in the 206.6-826.3-nm (1.5-6-eV) spectral range of Aspnes and Studna 8 and those
of Al in the 400-950-nm range from a recent review by Ordal et al. 9 The medium of incidence is assumed to be air or vac- 
8.000
.000 k(nm) (X10 ) (Fig. 3) ;
(2) The common polarizing angle p, 8 from Eq. (18) (Fig.  4) ; ( 3) The normalized () and actual (d, in nanometers) film thicknesses required to suppress the s polarization from Eqs. (19b) , (3), and(4) (Fig. 5) ; the normalized and actual film thicknesses required to suppress the p polarization are given by p = 2 and dp = 2ds [Eqs. (4) The unextinguished reflectances p and J, from Eqs.
(29)-(32) (Fig. 6 ). (14)]. p,, is the common polarizing angle [Eq. (18)]. As and d, are the normalized and actual least film thicknesses that suppress the s polarization, respectively. (tp = 2!;5 dp = 2d 8 for suppression of the p polarization.) 1p and I?, are the unextinguished p and s reflectances. The suppressed reflectances (now shown) are less than 10-6. Table 1 lists part of the numerical data used to generate Figs. 3-6 at several wavelengths.
The structure of the curves of Figs. 3-6 is due to the spectral structure of the complex dielectric function E 2 (or n 2 , k 2 ) of Si. 8 Figure 6 shows that high unextinguished s and p reflectances (>88%) are attainable in the near UV where the normal-incidence reflectance of Si is high. Figure 3 indicates that the associated film refractive index approaches d/ =
1.414. This is expected from Eq. (14) and from Fig. 2(c) , which shows that a -> 1, hence ni -I -\/2, as Re(e 2 ), Im(e 2 ) become large. Figure 5 shows that As approaches 0.5 at longer wavelengths (in the near IR). s = 0.5 holds exactly when the substrate is transparent. 5 For brevity, we present the results for Al in tabular form only (Table 2 ). For such a high-reflectance metal substrate, polarization on reflection occurs near grazing incidence (90°-op, < 3), the film refractive index for equal p and s polarizing angles essentially equals X2, and the unextinguished reflectances are very high (>97%) at all wavelengths.
To preserve the integrity of the numerical solution of Eq. (14) , N 1 is given in Tables 1 and 2 to six decimal places. The computed extinguished p and s reflectances are always <10-6.
For the two cases considered, the unextinguished p reflectance is always less than the unextinguished s reflectance. In fact, Rp < R, holds for all cases, as can be proved from Eqs.
(25) and (26). Furthermore, we have found that Eq. (34), which strictly applies for transparent substrates, 5 is satisfied with negligible error (<<1%) when the substrate is absorbing, as the reader can verify using the Rp and has Slata of Tables   1 and 2 .
To use transparent films of refractive ind&es-\/_, a dense 12. An opaque metal (Al) layer is subsequently deposited over the dielectric film, as shown in Fig. 7 . In this design, the solid medium of incidence acts as the support or substrate.
ERROR ANALYSIS
It is important to consider the effects of small errors of refractive index, thickness, and angle of incidence on the suppressed p and s reflectances. Suppressed reflectances are computed as each parameter is shifted from its proper value, one at a time. Figure 8 shows the variation of the suppressed reflectances
Yp, R as N 1 is shifted by 0.05. p is stationary with respect to small changes of N around N = X . This can be traced back to the stationary property of the Fresnel coefficient rlp at 45° refraction. 2 We conclude that it is advantageous to make p-suppressing thin-film reflection polarizers with a dielectric layer of refractive index A on a highreflectance metal. By comparison, increases rapidly with I ANIJ. To keep R < 3 X 10-3, N should be controlled to within 0.01. Figure 9 displays ip, Ji, as d shifts from dp or d by 10 A. Both p and R are sensitive to thickness errors, with A, being the more sensitive of the two reflectances. To maintain R < 0.014, d should be controlled to within 5 A. We have also considered the effects of shifts of N 1 , d, and 0 on the passed reflectances. We find that the s and p unextinguished reflectances remain essentially unchanged with changes of film refractive index and thickness of ±0.05 and ±10 A, respectively. However, these reflectances increase linearly with 'k around 0p, with a modest slope (B 8 increases from 99.76 to 99.93%, and Bp increases from 99.03 to 99.73%, as 0 increases from 88.61° to 89.610). Graphs for the passed reflectances are omitted, to save space.
While the required film refractive index (0.01) and thickness (±5 A) control is demanding for the specific example taken here, it is within the scope of today's technology.
Furthermore, conditions can be sought for more error-tolerant designs.
APPLICATIONS
Many interesting and important applications are based on the new ideas presented in this paper. They may be grouped into three categories: A, novel devices; B, a novel polarimeter; and C, applications to thin-film metrology.
A. New Devices
In the scheme of Fig. 1 we accomplish (1) integrated crossed thin-film reflection polarizers (ICTFRP's) on the same substrate, (2) a division-of-wavefront polarizing beam splitter (DOWPBS), and (3) a thin-film reflective half-shade device" (TFRHSD). With high-reflectance metal substrates, we realize high unextinguished reflectances (e.g., >99% for Al at 550 nm), whereas only modest reflectances are possible with dielectric substrates. 5 Polarized optical wave fronts with juxtaposed fields of alternating orthogonal linear polarization states can be generated by reflecting a plane wave at the common polarizing angle from a metallic substrate that is covered by a dielectric layer of certain refractive index [that satisfies Eq. (14) ; N, i ]. The layer thickness alternates between the polarizing thicknesses d 8 and dp = 2d, in a pattern that corresponds to the desired binary polarization pattern of the reflected wave. Such a film can be prepared by well-established lithographic techniques. Films with refractive index > can be used if the medium of incidence is dense, as shown by the internal-reflection arrangement of Fig. 7 .
We also achieve the simplest pair of parallel-mirror crossed polarizers (Fig. 11) . In this case, parallel planar metallic mirrors (which may consist of a dielectric, e.g., glass, substrate covered by an opaque metal, e.g., Al, film) are coated by transparent layers of the same material of the proper refrac-' /~~~~~I' apparatus. These crossed thin-film reflection polarizers are not area limited (basically) so that they may be made to large size to suit special needs.
B. Novel Integrated Polarimeter
The linearly polarized component of the incident radiation that is not reflected by a thin-film reflection polarizer is, of course, absorbed by the substrate. A proportional (e.g., photoelectric or photoacoustic) signal can be generated as a result of this absorption that may be detected. By integrating the polarization and detection functions, we achieve the simple and novel polarimeter shown in Fig. 12 . It consists of the same pair of parallel-mirror, crossed, thin-film reflection polarizers shown in Fig. 11 , with the further provision of recording signals Ip and I, that result from the suppression (and absorption) of the p and s polarizations of the incident radiation on reflection from the first and second mirrors, respectively. For simplicity, let us assume the unextinguished s reflectance to be u100% (e.g., reflectance >99% is achieved with an Al substrate and >95% with Si in the UV). This polarimeter gives the degree of linear polarization of the input flux, (35) in terms of the two detected signals Ip and I,. Because the unextinguished s reflectance is higher than the unextinguished p reflectance, it is preferable to make the p-suppressing mirror as the first-to-be-encountered polarizer, as suggested by Fig. 12 . Although this polarimeter does not measure all four Stokes parameters of light (i.e., it is not a complete polarimeter),12
the degree of linear polarization is significant in atmospheric, astronomical, and linear-dichroism studies.1 3 " 4 In ellipsometry, it amounts to measuring 4 only, which is sufficient for certain applications.15
C. Thin-Film Metrology
In the study of variable-thickness films by reflection interferometry, maximum fringe visibility is obtained when inci-R. M. A. Azzam dent p-or s-polarized light shines at the corresponding polarizing angle.1 6 For a given film, the ambient and/or substrate may be selected to equalize the p and s polarizing angles. This achieves optimum fringe visibility with either the p or s polarization and also with incident light that is unpolarized or arbitrarily polarized.
Reflection ellipsometry' to study film growth under the conditions described in this paper is also optimal in the sense that the maximum possible changes of the ellipsometric angle 4' occur, from 0 when d = dp to 900 when d = d. Thus ' becomes a sensitive parameter to film growth, in contrast with the usual circumstance of relying mainly on the relative phase shift A.
SUMMARY
Conditions for the extinction of the p and s polarizations of a plane wave of light on reflection at the same angle from an absorbing substrate coated by a transparent thin film have been derived. This occurs when light refracts in the film at 450 and when a certain constraint on the optical constants of the system, Eq. (14), is satisfied. Figure 2 Sensitivity to errors of film refractive index, film thickness, and angle of incidence is studied in Section 6. It is found that precise control of refractive index (±0.01), thickness (5 A), and angle of incidence (0.25°) may be required.
Several important applications have been briefly discussed in Section 7. They include new devices, such as integrated crossed thin-film reflection polarizers, division-of-wavefront polarizing beam splitter, and a half-shade device. Parallelmirror crossed polarizers are suggested for the first time to the author's knowledge. Such a system can also be employed as a novel polarimeter in which the polarization-analysis and photodetection functions are integrated. Finally, it is indicated that the conditions described in this paper are optimal in thin-film metrology based on reflection interferometry and ellipsometry.
APPENDIX A: SOLVING EQUATION (14) AND PLOTTING FIGURE 2 Equation (14) cannot be solved explicitly for a in terms of complex 2. For a given 2 , a is determined numerically by iteration.
However, for a given a and Re(e 2 ), Eq. (14) can be solved explicitly for Im(e 2 ). This makes possible the direct generation of data required to plot the constant-a contours of 
Both roots in Eq. (A8) that lead to 2i > 0 are acceptable for certain ranges of a and 2r, as is evident from Fig. 2 .
